Nanotwins can improve mechanical strength and maintain high electrical conductivity in metallic nanowires. We demonstrated a method of pulsed-laser-assisted electrodeposition, which could form dense nanotwins with tunable directions in copper nanowires of uniform sizes. Transmission electron microscopy characterization showed with a growth potential of −0.2 V, nanotwins tend to align along the longitudinal direction of the nanowires, whereas at a larger potential of −0.8 V, nanotwins of {111}/ 112 type perpendicular to the longitudinal direction of the wire were formed. The two types of nanotwins were investigated by comparing the microstructures under different electrochemical conditions and laser irradiation energies. Two different mechanisms are proposed-annealing twins and growth twins.
Introduction
As the size of devices is getting smaller and smaller, both high electrical conductivity and high mechanical strength are of importance in microelectronic and microelectromechanical systems (MEMS) [1] . Nanotwins in metals are shown to be promising in increasing the strength without degrading the electrical conductivity [2] [3] [4] [5] [6] [7] [8] [9] [10] . Twin interfaces are also effective in suppressing the propagation of dislocations and strengthening the textures [11] [12] [13] [14] [15] [16] [17] [18] [19] . Furthermore, nanotwins exhibit high thermal stability and large resistance to electromigration-induced failure [20] . Therefore, highly dense nanotwin boundaries are ideal microstructures for metallic nanowires in MEMS applications.
Random nanotwin grain boundaries have been successively introduced in copper foil by a method of pulsed electrodeposition [9] . However, this method has only been partly successful when applied to microscale structures [21] and, to date, has not been reported to be feasible at the nanoscale. Significant variation in the twinning density from the bottom of the microscale material to the top indicates that the mass transport in the small tunnels interferes with the formation of twinning by pulsed electrodeposition. Different mechanisms that circumvent the small tunnel mass transport problem are therefore needed to generate nanotwins in nanoscale materials.
Nanotwins have, however, been observed in various semiconductor nanowires using other methods. Examples include GaP by supercritical fluid-liquid-solid synthesis [22] and metal-organic vapor-phase epitaxy [23] , InP [24] , ZnSe [25] and ZnS [26] by the vapor-liquid-solid method, and Zn 2 SnO 4 [27] and indium-doped ZnO nanowires [28] by thermal evaporation. The origins of the twin formation in these zinc blende structure nanowires are attributed to the random fluctuations in mass transport and unpredictable thermal fluctuations [23] . Although twinning is a type of defect that is more desirable in metals than in semiconductors [29] , only very recently have metal nanowires with nanotwins been synthesized. Zhong et al [1] introduced a direct electrodeposition method to produce nanotwin copper nanowires with an average diameter of 110 nm. The mechanism they proposed was flux oscillations at the liquid-solid interface. Bernardi et al [30] by chemical synthesis formed nanotwin gold nanowires with an average diameter of 8.9 nm. They explained the formation of twins by the relaxation of bulky and asymmetric ligands at the twin boundaries. However, these two methods of synthesizing highly dense nanotwins in metallic nanowires share a weakness that they cannot precisely and easily control the nanowire dimensions and aspect ratio. More importantly, all these methods only produce twins that are perpendicular to the axis in the wire. When the direction of the stress is perpendicular to the long axis of the wires, these twins cannot strengthen the wires.
We introduce a novel method, pulsed-laser-assisted electrochemical deposition (as shown in figure 1(a) ), which is able to control the formation of nanotwins in different directions while maintaining the advantages [31] of templateassisted methods such as easy control of the dimension and composition. The laser irradiation serves as a strong heating source which enhances the nanograin growth for the formation of annealing twins and, in another case of electrodeposition at higher negative voltage, strengthens and reinforces the two-dimensional layer-by-layer crystallization mode for the development of growth twins. The former type of twins, leaning towards the long axis of the nanowires, can withstand stress in a transverse direction while the latter, perpendicular to the axis, can bear stress in the axial direction. This unique directional manipulation of mechanical properties along with the uniformity in sizes of wires makes the laser-assisted electrochemical deposition a superior synthesis method for metallic nanowires in MEMS applications. Furthermore, the laser-assisted electrochemical process has great potential to be scaled up for mass production [32] .
Experimental details
In this work, a Q-switched Nd:YAG laser with a frequency doubler (wavelength 532 nm, pulse width 5 ns, beam diameter 1 cm) is used as a laser source. An ultraviolettransparent quartz window is introduced on the wall of the electrochemical cell as the pathway of the laser beam. 1 M of CuSO 4 ·5H 2 O aqueous solution is used for Cu deposition. The pH is buffered to 0.8 with H 2 SO 4 and the ambient temperature is 22 • C. A circular filament of Pt and Ag/AgCl in 3 M KCl electrode are utilized as the counter electrode and the reference electrode, respectively. Polycarbonate membranes (Whatman Inc.) with a nominal pore size of 100 nm are used as the growth templates in this experiment.
A thin film of Au about 180 nm thick is sputtered on one side of the membrane by plasma sputtering, which serves as the working electrode. Before electrodeposition, the membrane is soaked in 1 M of CuSO 4 ·5H 2 O with 1 wt% gelatin aqueous solution for 4 h. In the early stage of the deposition, a potential of −0.01 V with respect to the reference electrode is applied to the cathode for 100 s to deposit the seeds for the nanowire growth. A voltage of −0.2 or −0.8 V with respect to the reference electrode is then applied for electrochemical deposition of nanowires. At the same time, a 10 Hz pulsed-laser beam (184 mJ/pulse) irradiates onto the growth front of the wires. After the deposition, the polycarbonate membrane is dissolved by dichloromethane. 
Result and discussion

Laser-assisted electrochemical deposition
Studies on the laser-enhanced electroplating of metallic thin films have been conducted previously to confirm that the effect of laser irradiation is principally thermal rather than photochemical [32] . Scanning electron microscopy images showed this heating effect from a continuous wave laser turns jet plating gold thin films into a void-free dense surface morphology [32] . Also the investigations on pulsed-laser-assisted zinc deposition suggests the thin film is more regular and compact, and the average size of the grains is smaller and the coalescence of grains is enhanced, especially when the overpotential is high [33, 34] . The authors attributed the morphology enhancement to higher nucleation rate and stronger diffusion processes both on the surface and at the grain boundaries.
Observed structure and morphology
Field emission scanning electron microscopy (FESEM) observation (figure 1(b)) shows that highly dense and uniform copper nanowires were fabricated by our method, which inherits the advantages of template-assisted electrodeposition. The average length of the wires is about 7 μm. The average diameter of the wires is about 150 nm, which is approximately consistent with the nominal pore size of 100 nm provided by the manufacturer. 
Annealing twins based on 3D growth mode
For the current study, the deposited grains are on the scale of nanometers. A former previous TEM study showed polycrystalline metal nanowires such as Au and Rh share a similar morphology of coalescence of three-dimensional cluster-like nanograins [35] . The 3D Volmer-Weber growth mode was explained to be related to the critical dimension of the 2D nucleus:
where s, , Z, η and b are the area occupied by one atom on the surface of the nucleus, the edge energy, the effective electron number, the overpotential and a constant, respectively. If the overpotential η is high enough (according to our studies, higher voltage, or more negative than −0.1 V versus Ag/AgCl reference electrode for copper), the clusters of small size will be stable and later become the seeds of the nanograins. On the other hand, if the overpotential η is very low, −0.015 V versus a saturated calomel electrode [35] for copper, a large N c will lead to a 2D growth mode for the single-crystal nanowire. The presence of nanoscale grain boundaries induces a large driving force for grain growth [36] . When exposed to relatively high temperature, grains can grow within a short time. For face centered cubic (fcc) metals, the grain growth accidents on [111] steps lead to the nucleation of Shockley partial dislocations. These Shockley partials are generated contiguous to the grain boundaries. The glide away from the boundaries of these dislocations produce twins [37] . Twins that are associated with the grain growth during high temperature treatment are called annealing twins. Atomic [36] . The result showed grain size grows about 50% and lots of twins appear within a short time of 1.5 ns when the temperature is at 800 K. We have conducted experiments in order to prove the twins that lean along the long axis are annealing twins.
Under the voltage of −0.4 V with respect to the reference electrode, copper nanowires grow into polycrystalline structures with uniform distribution of nanograins, as can be seen from figure 3(a) . In the SAED pattern of figure 3(a) , the even brightness of the diffraction spots that constitute ring patterns indicates the random orientation of the grains. Under the same electrochemical condition but with laser irradiation of low energy (40 mJ/pulse), the morphologies of the nanowires become similar to the one in figure 3(b) . Figure 3(b) is a dark-field TEM image of a nanowire. The SAED pattern of the nanowire shows some diffraction spots are relatively brighter, indicating some orientations are dominant. Compared to the random distribution of nanograins in figure 3(a) , the dark-field image of figure 3(b) suggests grains with similar orientations coalesce and grain growth has taken place. If the laser energy goes up to 184 mJ/pulse, the grain growth becomes more obvious. This is illustrated in the nanowire in figure 3(c) . In addition, in figure 3(c) , a straight twin appears in the middle of the large grain, which appears similar to those in figure 2(a) . The temperature of the growth front of the nanowire under laser irradiation is estimated to be above 700 K at the end of the 5 ns laser pulse. An estimated longitudinal temperature profile is shown in the inset of figure 3(d) (the supplementary material will show details of the calculation available at stacks.iop.org/Nano/23/ 125602/mmedia). These images confirm that laser-assisted electrochemical deposition will enhance the grain boundary diffusion. As for nanograins, because of the large driving force between boundaries, this enhancement is more substantial and leads to a significant grain growth. We believe that twins in figures 2(a) and 3(c) are the same kind of annealing twins from the strong grain boundary migration during laser heating.
The different morphologies between nanowires in figure 2(a) and in figure 3(c) are due to the fact that the applied voltage on the wire in figure 2(a) is relatively lower. Because of the lower overpotential for electrodeposition, the nanowire in figure 2(a) grows slower (0.4 nm growth between every two pulses versus 2.8 nm growth between every two pulses for the wire in figure 3(c) ) and thus receives a higher laser pulse rate. This can explain the higher extent of grain growth in figure 2(a) than that in figure 3(c) .
Growth twins based on 2D growth mode
The twining feature in figure 2(b) is different from those in figures 2(a) and 3(c). The transverse {111} type twins indicate a 2D layer-by-layer growth of the nanowire. This mode of growth is unusual for electrochemical deposition of copper at a high potential of −0.8 V [31] . According to previous studies, the high potential alone will lead to the formation of small nuclei which serve as seeds for 3D growth.
One factor based on previous evidence from laser-assisted electroplating of zinc thin films [34] is that the high temperature during laser heating could lead to enhanced surface diffusion of adatoms [38] :
where D is the adsorbate's diffusion constant for fcc metal, D 0 is a constant that depends on the adsorbates, E * D is the total activation energy for the overall diffusion process, R is the gas constant and T is the absolute temperature. Once heated up, the atoms with higher energy can diffuse to a more energetically stable place. The diffusion enhancement favors the growth of existing nuclei thus reinforcing the 2D layer-by-layer growth mode, as shown in figure 4(a) .
However, the factor of surface diffusion enhancement alone could not explain the abnormality that the 2D growth mode is more preferential at a high potential of −0.8 V.
Bauerle [39] suggests the critical dimension for spherical nuclei in vapor condensation increases with the rise of increasing laser irradiation power energy. This implies the thermal stability of the nuclei should be taken into account during the laser heating. The melting temperature of the nanocluster is given below [40] :
where T m (r) and T m (∞) are the melting temperatures of the nanocluster with radius r and corresponding bulk crystals, α is the ratio of the mean square displacement of atoms on the surface and that in the interior of crystals, for free-standing particles, α > 1. r 0 = 3 h when the particle is in a 3D spherical shape, or r 0 = h when the particle is in a 2D thin film shape. h is a constant that approximately equals the length of one atom and r r 0 is generally larger than 1. From equation (3), it can be seen that, with the same size r, 2D nanothin films have higher melting points than 3D nanospheres. When the size of the cluster gets smaller, the difference between them gets larger. This indicates that, when the nucleus sizes are small enough because of the high overpotential, the 2D growth mode become thermally more stable than the 3D growth mode in the presence of pulsed-laser heating, as illustrated in figure 4(b) . According to our studies, the 2D growth mode becomes dominant throughout the entire growth front at the voltage of −0.8 V. Figure 4(c) is taken from the same sample shown in figure 2(b) . The TEM image shows that the 3D growth is gradually replaced by 2D growth during 184 mJ/pulse laser irradiation. The 2D growth was reinforced by the strong laser heating and became dominant in the latter part of the copper nanowire. The laser irradiation leads to the transition from the 3D growth mode to the 2D growth mode.
In addition, the energy of laser irradiation does play an important role in forming the horizontal growth twins. If the laser power is not high enough to decompose the 3D nanospheres, the 3D growth mode will not cease. In figure 4(d) , the 3D growth mode stays dominant at −0.8 V if the laser irradiation energy reduces to 170 mJ/pulse.
According to equation (1), the initial nucleus size at −0.8 V is smaller than that at −0.2 V. Laser irradiation has different effects on nuclei of different sizes. At the voltage of −0.2 V, when the nuclei are relatively large and thermally stable, laser irradiation helps to enhance the grain growth, as is described in section 3.3. At the voltage of −0.8 V, when the nuclei are small and thermally unstable, laser irradiation interferes more with the 3D clusters and leads to the dominance of the 2D growth mode.
As the nanowire grows in the 2D layer-by-layer mode, the energy barriers for twin plane nucleation and normal plane nucleation can be written as [41] 
where A t and A are the constants proportional to the square of the twin boundary energy and that of ordinary boundary energy, respectively, and thus A t > A; η is the overpotential. The rates of twin and ordinary plane nucleation are given by J t ∝ exp(− G * t /k B T) and J ∝ exp(− G * /k B T), where k B is Boltzmann's constant and T is the absolute temperature. The probability of a twin plane is given by
According to equation (5), the higher the overpotential and temperature, the higher the probability of the twin planes. In our research, growth potential and temperature during laser irradiation are relatively high (−0.8 V and 700 K). This can explain the high density of nanotwins by our laser-assisted electrochemical deposition method. The spacing between nanotwins is smaller than the previous studies on microtwins in nanowires [42] (−0.3 V and 313 K).
Conclusion
We have demonstrated a novel method of template-assisted electrodeposition with pulsed-laser irradiation. This method can produce and control nanoscale twins in copper nanowires in uniform sizes. At a lower growth potential of −0.2 V, nanoscale twins mostly along the long axis of nanowires are produced. At a higher growth potential of −0.8 V, the direction of the twin defects changes to perpendicular on the long axis of the nanowires. These two different types of twinning are annealing twins and growth twins. At the low growth potential, the initially crystallized nuclei are large and thermally stable. The pulsed-laser heating enhances the grain growth and leads to the formation of the annealing twins. On the other hand, at the high growth potential, the initially crystallized nuclei are small and thermally unstable. Under laser irradiation, 2D growth mode dominates over 3D growth mode and leads to the formation of growth twins.
